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Abstract  
The main propose of this paper is to study the laser hardening process with scanning or moving optics. This no 
conventional laser process needs knowledge of the thermal history in the part and an accurate control of process 
temperature. To this end, the new variables involved in the process, as scanning speed or distance between laser 
tracks, has been analyzed and compared with the conventional laser hardening process. Also, the different strategies 
involved to sweep the area to harden have been studied, recording thermal history in the part with contactless 
methods.  
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1. Introduction  
Surface heat treatments by laser are manufacturing technologies that are gaining industrial interests in 
the last years. Comparing laser hardening technology with more traditional hardening techniques, as an 
induction or a flame hardening, it is possible to process complex 3D shapes with a minimum heat affected 
zone and thermal distortions. With this process, in some cases, it is possible to eliminate the final grinding 
operation [1].  
In addition, the interest of this process lies in the possibility of direct integration of a very flexible laser 
heat source on the production line without a quenching medium, as well as the possibility to produce 
different microstructures in the part getting a soft core with a hardened surface layer with compressive 
residual stresses [2]. This process is being used in the industry for hardening stamping dies. In particular, 
in the cutting edges [3], it is possible to obtain a high surface hardness after the fitting operation of the die 
almost without introducing a geometric distortion.  
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Moreover, in recent years are being developed moving optical systems based on mirrors for guiding 
high power lasers. These systems are also called scanners and they are usually coupled to the wrist of a 
robot [4], as it is shown in Figure 1a, or in the spindle of a machine tool [5]. The main characteristic of 
the scanners is that are able to move the laser beam with speeds above 7000 mm/s. This is due to the 
movement is made through rotating mirrors, with very low mass and inertia. Thus, these rotations are 
converted into very fast linear movements in the part, Figure 1b.   
 
       
Fig. 1.  (a) Scanner positioned in the arm of a robot for remote laser processes (Blackbird); (b) Schema of the basic components of 
a scanner system 
Currently, the scanners are used in several manufacturing processes, especially in the automotive 
industry, such as remote laser cutting, welding or marking. The main advantage of scanners is that they 
work far from the area to be processed, thus, they are able to process not easily accessible zones with 
good quality of laser beam. Therefore, to the manufacturing processes by laser that use scanners the words 
“on the fly” or “remote” are added [6]. Gradually these systems are being introduced in other industrial 
sectors such as the mold manufacturing industry and new laser remote processes as texturing, polishing or 
drilling are emerging. In contrast, surface treatments by laser, as remote laser hardening, are less known 
but are beginning to be studied [7,8]. Finally remark that the commented points give an idea of the 
flexibility, in terms of laser process type, that has a system with moving optics or a scanner. 
Thus, this paper aims to study the remote laser hardening process. To this end, the different variables 
involved in the process will be analyzed and compared with the ones in the conventional laser hardening 
process. Also, the different strategies involved to sweep the area to harden will be studied, recording 
thermal history in the part with contactless methods. In addition, the hardened layer will be studied 
because the main problem of overlapping trajectories in the laser hardening process is the partial softening 
of the overlapped areas [9]. 
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2. Process parameters 
In contrast with the conventional laser hardening, in the remote laser hardening process there are two 
different speeds, the scanning speed and the feed rate.  
The parameter characteristic of this process is the scanning speed [mm/s]. This speed is the real 
movement of the laser beam and it is controlled by the optical system of mirrors of the scanner reaching 
more than 7000 mm/s.  
On the other there is the feed rate [mm2/s]. This is the real speed of the hardened track on the part 
surface. Its dimensions are given in speeds of swept area, not in linear speeds, as it depends on the 
scanning speed [mm/s] and the width of the swept area [mm], besides the relative velocity between the 
machine tool or the robot and the scanner. It depends on how is programmed the laser trajectory in the 
process. 
Also, it is necessary to control the real temperature of the part surface which is usually done by two 
color pirometry. This technology is able to acquire up to 1000 data per second without thermal delays. In 
the case of remote laser hardening two different temperatures can be distinguished, a background or base 
temperature and peak temperatures above the base temperature, similar to the ones found in the grinding 
process [10].  
In this paper to sweep the area to be hardened two different strategies has been used, the continuous 
scanning strategy and the multiple scanning strategy, which are explained in more detail below. 
2.1. Continuous scanning strategy 
The continuous scanning strategy consists in moving the laser beam with the scanning speed, drawing 
a line, while the part is moved with the feed rate. In this case the center of the laser beam only crosses 
once each point of the part surface. Also, this is the simplest strategy and it can be programmed with one 
dimensional scanner but with this strategy is not possible to change the global density of energy irradiated 
in the part in the feed direction.  
 
 
Fig. 2.  Remote laser hardening with continuous scanning strategy 
2.2. Multiple scanning strategy 
The multiple scanning strategy consist in sweeping on the part an area multiple times, with scanning 
speed, while the part is moved with the feed rate. In this case the laser beam passes several times through 
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the same point and therefore it is possible to change the global density of energy irradiated in the part in 
the feed direction. In the conventional laser hardening to achieve the most appropriate density of energy 
in the part fixed optics as diffractive optics [11] or faceted mirrors are installed. 
 
 
 
Fig. 3.  Remote laser hardening with multiple scanning strategy 
3. Equipment description  
The experimental tests have been carried out using a high power fiber laser, Rofin Sinar FL010, with a 
maximum output power of 1000W; the optical fiber used in the experimental tests provides a circular spot 
of 100μm diameter and multimode energy distribution in the focal plane. To give motion to the laser a 2D 
scanner, Scanlab Hurryscan, has been used for short and fast laser movements and a five axis milling 
center specially adapted for laser processes, Kondia Aktinos 500, for long and slow movements. Also, a 
high speed camera and special optical filters have been used to compare scanner real motion with 
programmed motion and to know the field distortions in the different working planes with the laser beam 
defocused. 
  
Fig. 4.  Laser processing machine Aktinos 500 
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The temperature has been measured by a two color infrared pyrometer. This pyrometer is able to 
measure the real part temperature directly (without surface emissivity data), in a range between 350ºC and 
1300ºC. In the metallographic analysis micro-hardness values have been measured using a Future-tech 
FM800 tester with a Knoop indentation and a load of 500g.  
The tests have been carried out in a low alloyed structural steel, AISI 1045, which is used in machinery 
components and often requires surface hardening treatments.  
4. Experimental tests: discussion and results 
The approach of the experimental tests has been carried out in two steps. In the first step, as 
information has not been found in the literature, has been made a sweep with different working conditions 
and process variables for the two strategies proposed. Then in a second step, systematic experiments have 
been done to observe the influence of the new variables of the remote laser hardening process, the 
scanning speed and the distance between laser tracks. 
Thus, in the first step different values of the process variables have been tried, recording the process 
temperature with a two color infrared pyrometer. The goal is try to maximize the background temperature 
minimizing the peaks temperature. The optimal parameters for each strategy and the result of hardened 
layer depth are shown in Table 1. 
Table 1. Optimal parameters for each strategy 
 Continuous 
scanning strategy 
Multiple scanning 
strategy 
Power 500 W 1000W 
Feed rate 6 mm2/s 15 mm2/s 
Scanning speed 200 mm/s 3000 mm/s 
Hardened width 10 mm 10 mm 
Distance between laser tracks 0.03 mm 0.1 mm 
Hardened depth 510 μm 230 μm 
Defocusing 40 mm 50 mm 
Number of repeats 1 time 20 times 
 
In a second step, having into account the previous results, systematic experiments have been done 
using the continuous scanning strategy. The reason for choosing this strategy is that the control of the 
parameters is easier and the results are more homogeneous. The goal of these tests is to compare the 
conventional laser hardening with the remote laser hardening. To this end, the feed rate and power have 
remained constant in all tests and the scanning speed and distance between tracks has been varied to 
observe the effect of the new variables introduced by the scanner. The parameters tested and the results in 
hardened layer depth are in Table 2. 
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Table 2. Parameters used in the second step 
Test 
number 
Power 
[W] 
Feed rate 
[mm2/s] 
Defocused 
[mm] 
Scanning speed 
[mm/s] 
Distance between 
laser tracks [mm] 
Hardened depth 
[μm] 
C17 400 10 40 500 0.02 112.6 
C18 400 10 40 2000 0.005 33.4 
C19 400 10 40 1000 0.01 57.4 
C20 400 10 40 250 0.04 139.3 
C21 400 10 40 125 0.08 265.2 
C22 400 10 40 4000 0.0025 - 
C23 400 10 40 75 0.133 342.3 
C24 400 10 40 667 0.015 99.8 
C25 400 10 40 333 0.03 176.8 
 
From the results obtained in the second step can be concluded that the scanner parameters programmed 
to sweep an area have influence in the process changing the thermal field or the cooling-heating cycle 
generated in the part. It has been also observed that in no case a hardened layer depth above 0.5 mm has 
been reached. Low scanning speeds with more distance between laser tracks generate a higher depth of 
hardened layer. This is due to the time that the material is above the austenitization temperature in each 
cycle, having this parameter a high weight on the final depth of hardened layer. 
Another important parameter to consider in laser hardening process is the final hardness of the part. 
For carbon steels with low alloying elements depends heavily on the carbon content. In this case for 
structural steels, such as AISI 1045, experimental formulas to calculate the resulting hardness can be 
found in the literature [13]. Knoop micro-hardness tests have been made (Figure 5) along the hardened 
depth and similar values to those obtained with conventional laser hardening have been observed, 
between 55 and 65 HRC. Furthermore, in this process has not been observed the loss of hardness or the 
partial annealing that occurs in conventional laser hardening when there is an overlap of trajectories. This 
is because the decrease of temperature between different passes is not enough to start the formation of the 
structure martensite that gives hardness to AISI 1045 after being quenched. 
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Fig. 5.  Results of the hardened layer in different experiments 
Another parameter to consider is the thickness of the hardened layer. In the remote laser hardening 
process these thicknesses are smaller, below 500 μm, which can be a great disadvantage in certain 
applications that require a deep harden layer. Moreover, the cut of the hardened layer change from a semi-
elliptical shape to an almost constant how can be observed in Figure 6. This fact itself is an advantage, in 
conventional laser hardening special optics are used to produce this effect. 
 
 
Fig. 6.  Transversal cut of experiment C21 with a hardened layer width of 10mm 
In the Figure 7a and 7b two different tests are shown, one in which the surface state after remote laser 
hardening is optimal and another one in which a partial fusion of a micro-layer on the part surface is 
observed. This damage causes cracks that would not be acceptable in an industrial case. The experimental 
tests have been carried out with constant power, without a closed loop to control the laser power. Using 
this technique and a reference temperature sets some results would have been improved. Therefore it can 
be concluded that to have a successful remote laser hardening process is very important to control the 
energy input by the appropriate choice of parameters and by the control of process temperature. 
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Fig. 7.  (a) Hardened surface with the optimal conditions; (b) Overheated surface with micro-cracks 
5. Conclusions 
In this paper the influence of remote laser hardening working parameters on surface hardness and heat 
affected zone depth of AISI 1045 have been investigated and have been compared with conventional laser 
hardening process. Based on the experimental and measured results, the following conclusions can be 
stated: 
 
• There are two new variables that play an important role and they need to be controlled, the scanning 
speed and the distance between laser tracks. 
• With the continuous scanning strategy it is possible to increase more the background temperature 
without melt the part surface with the peaks temperatures. 
• With the multiple scanning strategy it is possible to change the density of energy along feed axis in 
the part.  
• The hardened layer depth, with similar feed rates, is always lower in remote laser hardening 
process. In contrast the hardened profile is more homogeneous with nearly rectangular shapes. 
• The final hardness value is similar in both processes, in the AISI 1045 steel is between 55 and 65 
HRC.  
• In remote laser hardening process the quenched area can be smaller with less thermal distortions. 
• To conclude say that in the case that the remote laser hardening process would be consider to 
introduce in an industrial production system would be possible to use the same equipment of 
another remote process with laser adding a system to control the process temperature. 
Acknowledgements  
The authors wish to thank the Spanish Ministry of Science and Innovation for financial support 
provided through the SURFACER project (Ref: DPI2010-20317-C02-01).  
 Silvia Martínez et al. /  Physics Procedia  39 ( 2012 )  309 – 317 317
 
References 
[1]  Poprawe R.: Tailored Light 2- Laser aplication Technology. Springer, 2011. 
[2]  Bhadeshia, H. K. D. H.: Steels for bearings. Prog. Mater. Sci. 2012; 57: pp. 268-437. 
[3]  Miralles, M.: Laser Hardening of Cutting tools. Master Thesis Report: Lulea University of Technology; 2003. 
[4]  BLACKBIRD Robotics. “Solutions for robotic laser processing”. http://www.blackbird-robotics.de/. 
[5]  DMG/MORISEIKI. “LASERTEC machine tools”. http://www.moriseiki.com/.  
[6]  Kim, K.; Yoon K.; Suh J.; Lee J.: Laser Scanner Stage On-The-Fly Method for ultrafast and wide Area Fabrication. Phys. 
Procedia 2011; 12: pp. 452-458. 
[7]  Klocke, F.; Brecher, C.; Heinen, D.; Rosen, C. J.; Breitbach, T.: Flexible scanner-based laser surface treatment. Phys. 
Procedia 2010; 5: pp. 467-475. 
[8]  Farrahi, G. H.; Sistaninia, M.: Thermal Analysis of Laser Hardening for Different Moving Patterns. IJE Transactions A: 
Basics, 2009; 22: pp. 169-180. 
[9]  Lakhkar, R. S.; Shin, Y. C.; Krane, M. J. M.: Predictive modeling of multi-track laser hardening of AISI 4140 steel. Mat. 
Sci. Eng. A – Struct. 2008; 480: pp. 209-217. 
[10]  Pombo, I.; Izquierdo, B.; Ortega, N.; Plaza, S.; Sánchez, J. A.: Fabricación de alto rendimiento: rectificado. Published 
by the faculty of engineering of Bilbao (UPV/EHU); 2011. 
[11]  Leung, M. K. H.; Man, H. C.; Yu, J. K.: Theoretical and experimental studies on laser transformation hardening of steel 
by customized beam. Int. J. Heat Mass Tran. 2007; 50: pp. 4600-4606. 
[12]  Chen, M. F.; Chen, Y. P.; Hsiao W. T.:Mettam, G.R.; Adams, L.B.: Correction of field distortion of laser marking 
systems using surface compensation function. Opt. Laser Eng. 2009; 47: pp. 84-89. 
[13]  Magnabosco, I.; Ferro, P.; Tiziani A.; Bonollo, F.: Induction heat treatment of a ISO C45 steel bar: Experimental and 
numerical analysis. Comp. Mater. Sci. 2006; 35: pp. 98-106. 
